The relative permittivity and conductivity of aqueous solutions of oxyhaemoglobin and carboxyhaemoglobin were measured over the frequency range 150kHz-100MHz. To minimize errors of measurement the investigations were carried out with three different samples of each type of haemoglobin, independent apparatus being used in two different laboratories. The dielectric increment and relaxation time were calculated at each of several temperatures from the results. These lead to a dipole moment of 400 Debyes and an activation enthalpy of 17.6 ±1.4kJ * mol-1, both of which were found to be independent of temperature to within experimental error over the range 3-35CC. The value of the dipole moment shows that the distribution of charge throughout the haemoglobin molecule is nearly symmetrical with respect to the centre of charge. The magnitude of the activation enthalpy is similar to that ofthe viscosity ofwater, in accord with the common observation that dielectric relaxation and viscosity are related phenomena. No significant differences are found between the dielectric parameters of oxyhaemoglobin and carboxyhaemoglobin. Combining the results with those obtained from X-ray diffraction of the solid a hydration value of 0.45g of water/g of protein is suggested, subject to the limitations of the model used. Finally, the results indicate the presence of a subsidiary dispersion, which could be attributed to the above quantity of bound water having a static permittivity of about 100 and a relaxation frequency in the region 100-200MHz.
The relative permittivity and conductivity of aqueous solutions of oxyhaemoglobin and carboxyhaemoglobin were measured over the frequency range 150kHz-100MHz. To minimize errors of measurement the investigations were carried out with three different samples of each type of haemoglobin, independent apparatus being used in two different laboratories. The dielectric increment and relaxation time were calculated at each of several temperatures from the results. These lead to a dipole moment of 400 Debyes and an activation enthalpy of 17.6 ±1.4kJ * mol-1, both of which were found to be independent of temperature to within experimental error over the range 3-35CC. The value of the dipole moment shows that the distribution of charge throughout the haemoglobin molecule is nearly symmetrical with respect to the centre of charge. The magnitude of the activation enthalpy is similar to that ofthe viscosity ofwater, in accord with the common observation that dielectric relaxation and viscosity are related phenomena. No significant differences are found between the dielectric parameters of oxyhaemoglobin and carboxyhaemoglobin. Combining the results with those obtained from X-ray diffraction of the solid a hydration value of 0.45g of water/g of protein is suggested, subject to the limitations of the model used. Finally, the results indicate the presence of a subsidiary dispersion, which could be attributed to the above quantity of bound water having a static permittivity of about 100 and a relaxation frequency in the region 100-200MHz.
The haem group of the protein haemoglobin is able to bind various ligands and, in particular, oxyhaemoglobin and carboxyhaemoglobin arise from the binding of oxygen and carbon monoxide respectively. Previous measurements (Takashima, 1958 ) indicated significant differences in the dielectric behaviour of aqueous solutions of these two proteins. In particular the temperature dependence of the dielectric parameters of carboxyhaemoglobin was markedly different from that of oxyhaemoglobin; also, the dielectric parameters were consistent between different samples of carboxyhaemoglobin but varied considerably between samples of oxyhaemoglobin.
Haemoglobin may be expected to exhibit dispersions in the radio-frequency region (Takashima, 1962; Goebel & Vogel, 1964) due principally to the relaxation of the permanent dipoles. This allows deductions to be made about molecular shape and size as have been described for other proteins (Oncley, 1943; Hendrickx, Verbruggen, RosseneuMottreff, Blaton & Peeters, 1968) . Altemative dispersion mechanisms are not apparent at radio frequencies (100kHz-100MHz) although proton fluctuation (Kirkwood & Shumaker, 1952) may contribute to the effective dipole moment.
Any differences in conformation of haemoglobin with various bound ligands would be of considerable physiological interest, apart from adding to the knowledge of the dielectric behaviour of protein solutions. An examination of these dispersions is described here.
The dielectric results are compared with the results of X-ray crystallography with a view to assessing any possible modification of the molecular structure when in solution.
Measurements were made in both Philadelphia and London on identical solutions within a few 691 hours of each other and agreement was found to within ±0.5% in both permittivity and conductivity over the whole of the common frequency range. In view of the difficulty of eliminating second order effects such as electrode polarization, lead inductance and stray capacitance (Young & Grant, 1968) this agreement is very reassuring.
METHODS
Apparatus. The measurements by the British authors were made on the Wayne Kerr B201 Bridge, with a parallel-plate cell designed to fit the bridge terminals with the minimum of inductance and unknown stray capacitance.
The electrodes are of solid silver roughened to decrease electrode polarization (Schwan, 1957) , set parallel to each other by a Perspex spacer (whose relative permittivity changed negligibly over the temperature and frequency range) containing a circular cavity to hold the liquid. The sample was introduced with a syringe into small inlet holes drilled parallel to the electrode surfaces. The electrode-bridge connexions were made by aluminium feet and this whole system was electrically insulated and surrounded by temperature-control blocks, which also formed the neutral terminal ofthe three-terminal measurement. The transformer ratio-arm principle automatically eliminates any admittance between electrodes and the third terminal. Full details ofthe experimental cell appear elsewhere (South, 1970) .
The capacitance of the system at a particular frequency and temperature can be written:
C(=-oK+Co (1) and the conductance:
where e is the relative permittivity of the sample in the cell, and a(fl`-m-l) its conductivity, K (m) is the cell constant, C0 (F) the capacitance due to the Perspex spacer, and c0 (F-m-1) is the permittivity of free space.
The values of K and C0 were found from measurements on air and water and were checked by using methanol and formamide.
The capacitance reading of the bridge was corrected by an amount depending on the setting of the conductance decade switches, since a small inductance in these units was found to affect the capacitance current through the bridge. To allow for this, calibration curves were plotted for each frequency by using measurements of KCI solutions of various conductivities. The concentration of the KCI solutions was always less than 10mM; at this concentration the permittivity of the solution is negligibly different from the value for pure water (Rosen, Bignall, Wisse & van der Drift, 1969) . The conductivities of the haemoglobin solutions were sufficiently low (10-3Q-1 .M-1) to prevent electrode polarization effects, as is indicated by the flattening of the dispersion curves at low frequencies, especially at high temperatures, where the relaxation frequencies are higher. This is confirmed by the constancy with frequency of the capacitance measurements of KCI solutions with conductivities greater than those of the haemoglobin.
The bridge was used in conjunction with the Wayne Kerr SR268 variable-frequency oscillator-detector unit.
The temperature was controlled by a Churchill chillerthermocirculator permitting a variation from 0 to 40°C with a stability of 0.1°C. The measurement of temperature was made by a copper-constantan thermocouple, whose test junction was sufficiently small to pass through the inlet hole of the cell into the sample itself. The thermocouple was removed during bridge measurements.
By using this technique the relative permittivity was measured to ±0.1 and conductivity to ±2 x 10-5 *I m-m in the frequency range 220kHz-l MHz and with about twice these errors from 7-1OMHz. Measurements were also made between 10 and 10OMHz with the Wayne Kerr B801 Bridge and a suitable cell (Jordan & Grant, 1970) . These gave values ofpermittivity that were independent of frequency within the experimental error +0.5, justifying the methods of least-squares fitting to be described below.
The experiments in Philadelphia were carried out with a Siemens SR-317 Bridge between 150kHz and 30MHz. These measurements were done with a coaxial cell made of stainless-steel. The experimental errors in the relative permittivity and in the conductivity reading are ±0.05
and ±1 x 10-4I--m-1 respectively.
Preparation of haemoglobin. Freshly drawn horse erythrocytes were washed in 0.9% NaCl solution three times to eliminate the serum. Erythrocytes thoroughly washed and condensed by centrifugation were lysed by adding water and a small amount of ether. After removal of debris and 'ghost' erythrocytes by high-speed centrifugation, the haemoglobin solution was cooled below 5°C. Chilled ethanol was added very slowly until crystallization occurred. The final concentration of ethanol was approx. 25-30%. During the addition of ethanol the haemoglobin solution was stirred with a motor-driven stirrer. The crystals were separated by centrifugation, and recrystallization was repeated at least twice. To remove ions the crystals were washed with cold conductivity water and were then collected by centrifugation, washing was repeated until the conductivity of the supernatant fluid had fallen below 2x 10-3Q-1m.
Carboxyhaemoglobin was prepared by evacuating oxyhaemoglobin solution and repeatedly flushing the solution with pure N2; pure CO was then introduced. The concentration of the samples (20.7kg -m-3) was measured by drying the haemoglobin solution at 110°C until a constant weight was obtained. This relatively low concentration ensures that if aggregates are present they will have a negligible effect on the dielectric parameters (Schlecht, Mayer, Hettner & Vogel, 1969; South, 1970) . The absorption spectra of oxyhaemoglobin and carboxyhaemoglobin solutions were measured to confirm the conversion from the oxy into the carboxy form. The solutions remained at the isoelectric point (pH6.9±0.1) for all temperatures at which the dielectric measurements were made. No buffering was necessary.
RESULTS
Measurements were made of permittivity and conductivity in the dispersion regions of carboxyhaemoglobin and oxyhaemoglobin at several 
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In these equations es and S. are the permittivity and conductivity at frequencies very much lower than 1/r, where r is the relaxation time. The permittivity at the high frequency end of the dis- (Oncley, 1943; Moser, Squire & O'Konski, 1966) , but only when their axial ratios have been significantly different from unity. A second common way of treating dispersion data is by the Cole-Cole fiuction (Cole & Cole, 1941) , for which the complex permittivity, c, of the system is given by: where i is .\/-1 and a is a constant whose value lies between 0 and 1, the former corresponding to a single relaxation time. The dispersion curves of e and S were separately fitted to the Cole-Cole expressions by using the method of least squares. The result for oxyhaemoglobin at 14.1°C is shown in the second row of Table 1 In view of the above findings it was decided to try a third alternative. Inspection of the dispersion curves shows that at the high-frequency end the permittivity curve has in general flattened off but that the conductivity curve is still rising. This could arise from some units of the system having a relaxation frequency (rh) in the region of several hundred MHz. These would contribute little to the permittivity but, due to their short relaxation time would be manifest in the conductivity. For Schwan & Pennock (1969) for very concentrated haemoglobin solutions. Also, fitting of the conductivity data to a principal dispersion plus a high-frequency component decreases the root-mean-square deviation.
It is quite possible that both solutions studied have spectra of relaxation times that are considerably more complicated than those described above. However, the experimental results could not be taken to support or refute any further detail. The physical basis for the short-relaxation-time component is considered in the Discussion section.
DISCUSSION
Relaxation time8. The most reliable estimate of relaxation time is from the permittivity-dispersion results, since (Table 1) there is little difference between the values of this parameter obtained from the three methods of fitting. Graphs of lnr against the reciprocal of the absolute temperature have been plotted (Fig. 6) . If the plot is linear, it shows that a constant activation enthalpy (AH) can be defined for the relaxation process and calculated by using the equation:
where T is the absolute temperature and R is 8.3J -mol-1.01C-. Fig. 6 shows that the points for both oxyhaemoglobin and carboxyhaemoglobin approximate to linearity with an activation enthalpy calculated from the slope of 17.6 + 1.4k J -mol-1. There is no detectable difference in AH between oxyhaemoglobin and carboxyhaemoglobin and no temperature variation in AH for either of these solutions. Further, no significant differences were found in any other dielectric parameters of oxyhaemoglobin and carboxyhaemoglobin. All of these findings are in sharp contrast with those of the work of Takashima (1958) (Tanford, 1957) .
When this small correction is made the values of effective molecular radius, a, deduced from the slope of the graphs are 3.29 ±0.06nm for both oxyhaemoglobin and carboxyhaemoglobin. This is rather higher than the value expected from the X-raycrystallography results mentioned above, although it is slightly lower than the value of 3.5nm that can be deduced from the results of Takashima (1962) , who varied the viscosity of the solution by adding glycerol rather than by changing the temperature. Among possible reasons for this are the nonspherical shape of the molecule, the existence of a layer of 'highly viscous' water on the protein surface (see below) or increase of the molecular size in an aqueous environment. It could be objected that the quantity plotted in Figs. 7 and 8 is the macroscopic relaxation time rather than the molecular relaxation time. However, this objection (even if valid) would have a negligible effect on the value of a, since this quantity is proportional to the cube root of the slope, which itself is fairly insensitive to any differences between macroscopic and molecular relaxation time. Further, it has been shown (South, 1970 ) that these two parameters may be identified for the system being considered.
The effect of shape and excess of volume on the calculations can be assessed with the use of the equation of Perrin (1934) for the diffusion constants of an ellipsoid in a viscous medium. These are expressed as the ratio of the diffusion constant to its value for a sphere of the same volume. The reciprocal of the relaxation time of a given axis can then be found from the sum of the diffusion constants about the two perpendicular axes.
If the semi-axes of the molecule are (a,b,b) then the relaxation times of the system can be written:
4T-ab2 kT 3 V-7 -Ti= kT * .Pi. -a kT pi. (12) can be plotted as shown in Fig. 9 . This is similar to the graphical method used by Oncley (1943) , except that here volume has been used as abscissa without the initial asumption of a hydration layer. The two curves shown in Fig. 9 correspond to the rotation of the molecule when the dipole moment is pointing along the a axis or the b axis.
In general there will be a component of dipole moment along each axis, so an intermediate curve will be appropriate. It is realized that in the present case an ellipsoid rather than an ellipsoid of revolution may be a more exact representation of the molecule. However, the experimental results would not warrant such a treatment and the present technique may be taken as only a first approximation in the assessment of shape.
A line has been drawn in Fig. 9 corresponding to the molecular volume of 86nm3 as deduced from the X-ray data. The curves (obtained from the dielectric measurement) indicate substantially larger volumes than this for all reasonable axial ratios. The other vertical lines on the diagram indicate the average thickness of a shell on the surface required to increase the molecular volume to the value indicated. To maintain an axial ratio of unity a fairly thick shell needs to be assumed, corresponding to about two layers of water molecules (hydration of 0.45 of water/g of protein). Similar thicknesses of the hydration layer are indicated for all axial ratios corresponding to those obtained from X-raydiffraction studies. To assume no change in effective size from this solid-state model a distortion to an axial ratio of at least 2.5 would be required. This would be most unlikely. The presence ofa layer of bound water seems to be indicated, confirming the findings of Perutz (1946) 
where c is the protein concentration, X the solution viscosity and go the viscosity of water, which is given by: = MN (15) where M is the molecular weight, N is Avogadro's number and v is a parameter dependent on the axial ratio and evaluated by Simha (1940) . With knowledge of the value of [rj] (0.036dl1g-g) (Tanford, 1957) this expression can also be plotted on Fig. 9 , and is shown by the broken line. Similar but non-graphical treatments have been attempted by Hendrickx et al. (1968) and Scheraga (1961) .
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Thus the viscosity curve has a very similar shape to that of the relaxation times and therefore supports the bound-water hypothesis, but with a larger hydration value. However, no significance can be placed on this difference, since a small error in the measurement or theory of intrinsic viscosity would predict a different quantity of bound water.
In this discussion comparisons have been made between the size of the haemoglobin molecule in solution with the size in the crystal. This comparison is only meaningful if the shapes of the molecule are the same in both states. Several pieces of evidence to support this are summarized by Perutz (1962) ; these are further reinforced by X-ray studies on the effect of oxygenation in horse haemoglobin (Perutz, Bolton, Diamond, Muirhead & Watson, 1964) . Earlier work on optical-rotatorydispersion (Beychok & Blout, 1961) showed that the percentage of a-helix formation is the same in the crystal as the solution, thus adding weight to the notion that conformational similarity exists between the two states.
Increment8. As Table 1 As has been pointed out by Scheider (1965) , if the jumping rate of protons on the protein surface is less than the molecular rotation time, as is quite probable, then the square of the dipole moment is made up of the sum of a contribution from the permanent moment and one from the mean-square fluctuation moment.
Decrement. The column in Table 1 marked EW-e 00 indicates the differences between the relative permittivity of water and that corresponding to the higher frequency limit of the protein dispersion.
There is a little variation in this parameter with both temperature and method of fit and, for the given concentration; 3.0 can be taken as the average value for both proteins with an error of ±0. This is in excellent agreement with the value obtained by Schwan (1965) High-frequency component. The existence of an additional relaxation region at higher frequencies in the system is indicated by the analysis of the conductivity-dispersion curves as described above. However, the relative size of the contribution in the present frequency range of measurement is small and hence no accurate parameters of the highfrequency component can be found. From the conductivity dispersion (in which the effect is more apparent than in the e dispersion) only the value of A x T can be deduced. These values at all temperatures are between 1 and 2ns for both proteins measured, but the accuracy is insufficient to determine any temperature dependence. Consequently the origin of this relaxation is not clear but it is notable that similar effects have been found by other workers making measurements at higher frequencies.
Grant et al (1968) have found in bovine serum albumin solutions a dispersion centred at about 250MHz. They showed that their results were in accord with the view that this high-frequency component is due to the relaxation of the water in the hydration shell, but did not rule out the possibility that rotation of polar groups could also contribute.
In haemoglobin solutions this high-frequency dispersion has been investigated by Schwan & Pennock (1969) , who made measurements on highly concentrated solutions with the aim of establishing the mechanisms of the relaxation found in the frequency range of 10-IOOOMHz. They believe that both polar side chains and the water molecules in hydration shell are relaxing, the side chains at the lower end and the bound water at the higher end of the frequency range.
The feasibility of the 'bound-water' hypothesis in the present work is seen by combining the value of A xT with the estimate of the volume of bound water predicted from the principal dispersion (Fig. 9) , by using a simple volume-mixture theory. This indicates that the dispersion frequency is about 150MHz, which is in reasonable agreement with those values mentioned above.
